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As a consequence of IDUA deficiency, patients with MPS-I manifest numerous pathologies, including hepatosplenomegaly, dystosis multiplex, joint stiffness, hearing and visual abnormalities, cardiac valve dysfunction, cardiomyopathy, and mental retardation. In the worst cases, patients experience congestive heart failure and death within the first decade of life as a consequence of systemic organ dysfunction. Significant effort has been aimed at ameliorating MPS-I disease using cell transplantation, enzyme replacement, and, in preclinical studies, gene therapy (4, 18, 25) . However, a great deal remains unknown regarding the natural history of MPS-I.
IDUA is the sole agent needed to correct MPS-I pathologies. IDUA delivery can be achieved by enzyme replacement therapy consisting of the exogenous administration of IDUA (16) or by the endogenous IDUA production from normal donor leukocytes that is possible after allogeneic hematopoietic cell transplantation (HCT) (14) . HCT can be a life-saving measure for children with MPS-IH, and despite the significant morbidity from chemotherapy administered before HCT and the injury associated with immunologic graft-host rejection, more than 90% of children with MPS-IH survive long term when treated (3, 27, 30) .
Cardiovascular disease is also a prominent feature of MPS-I (4 -5, 15, 18, 23, 26) . In MPS-I, cardiovascular pathologies include thickening of the mitral and aortic valves with regurgitation, hypertrophic cardiomyopathy, epicardial coronary artery occlusion, endocardial thickening, and dilated cardiomyopathy (9) . Despite this observation, some of the most fundamental mechanisms involved in pathological cardiac compensation, such as adrenergic signaling, have not been analyzed.
In both acute and chronic cardiomyopathies, heart remodeling is a natural response involved in maintaining cardiac output (CO) (29) . One of the major mechanisms by which this occurs is through catecholamine-mediated ␤-adrenergic signaling (29, 33) . In the initial response to cardiac dysfunction, adrenergic stimulation provides a means of boosting cardiac performance. However, chronic adrenergic stimulation is often one of the causes of cardiac decompensation and heart failure (6) . Studying the catecholamine regulation of cardiac function in disease states, such as MPS-I, can provide critical information about cardiac reserve and adrenergic tone, which are critical mediators of pump performance.
Numerous animal models have facilitated the study of pathologies and potential therapies for MPS-I, including the MPS-I cat (26) , dog (24) , and the mouse knockout model (IDUA Ϫ/Ϫ ) (8, 15) . However, to our knowledge, no cardiovascular studies have provided insight into catecholaminergic regulation of heart function in MPS-I animal models or patients. Based on the importance of adrenergic signaling in the regulation of heart function, we hypothesized that cardiac reserve and autonomic tone may be compromised in MPS-I hearts and contribute to the cardiomyopathic phenotype. This study provides a comprehensive analysis of real-time cardiac hemodynamics with a specific focus on adrenergic regulation of heart function within the context of MPS-I mice. These results may have significant implications for the therapeutic management of patients with MPS-I.
MATERIALS AND METHODS
Mice. Adult IDUA gene-deletional mutant C57BL/6J mice (MPS-I), generated by homologous gene recombination and backcrossed to C57BL/6 for more than 12 generations, were obtained as offspring as previously described (8) and bred locally. Reverse-transcriptase polymerase chain reaction was performed on the founders of the C57BL/6J MPS-I mouse colony and on random offspring, all showing the expected genomic profile (8) . All mice (MPS-I and IDUA ϩ/Ϫ ) used in this study were 8 -13 mo of age. Control C57BL/6J mice were obtained from Jackson Laboratory (Bar Harbor, ME In this study, mice heterozygous for the IDUA knockout allele (IDUA ϩ/Ϫ ) were used as controls. In this mouse model, IDUA ϩ/Ϫ are equivalent to wild-type C57BL/6 mice in all measures of consequence associated with IDUA deficiency, including GAG accumulation (data not shown). As such, there is no known reported evidence of a haploinsufficiency phenotype associated with IDUA ϩ/Ϫ mice. In addition, the obligatory parental heterozygotes of MPS-I patients are phenotypically normal. In terms of assays described in this study, hemodynamic performance of IDUA ϩ/Ϫ mice are similar to that of C57BL/6 mice as previously reported by Palpant and colleagues (21, 22) .
Conductance micromanometry. Measurements of in vivo cardiovascular hemodynamics were obtained using conductance micromanometry as previously performed by this laboratory (11) . Mice were anesthetized and ventilated via a tracheal cannulation connected to a pressure-controlled ventilator with 1% isoflurane at a peak inspiratory pressure of 15 cmH2O and a respiratory rate of 60 breaths/min. With the aid of a dissecting microscope, the heart was exposed via a thoracotomy. During surgical preparation some MPS-I mice repeatedly showed evidence of severe intractable arrhythmias or pump failure. This intractable cardiac dysfunction and subsequent decompensation resulted in two out of the eight deaths of MPS-I mice before data acquisition. For those that survived surgical preparation, a 1.4-Fr Millar pressure-volume catheter (SPR-839; Millar Instruments, Houston, TX) was then placed into the left ventricular (LV) chamber via an apical stab. LV pressure and volume measurements were collected at a sampling rate of 1 kHz. Data were analyzed with Ponemah software, P3 Plus (DSI International, St. Paul, MN). Transient inferior vena cava (IVC) occlusions were also performed to obtain the end-systolic and end-diastolic pressure-volume relationships. After we obtained the baseline hemodynamics (ventilated with isoflurane and O 2), the mice received a continuous infusion of dobutamine (42 mg·kg Ϫ1 ·min Ϫ1 ) for 5 min. This was followed by an infusion of esmolol (250 g·kg Ϫ1 ·min Ϫ1 ) for 6 min. IVC occlusions were performed at baseline, 4 min of dobutamine infusion, and 6 min of esmolol infusion. Data were acquired until the completion of the study or systolic pump failure. Cardiac pump failure was defined as the point when peak LV systolic pressure dropped below 40 mmHg. In these cases, the drug infusion was stopped and the mice were recovered to obtain instrument calibration. Aortic insufficiency is common in this murine strain, but no significant hemodynamic differences were observed in mice with and without aortic insufficiency.
Serum analysis. MPS-I and IDUA ϩ/Ϫ mice were anesthetized with isoflurane, and blood was collected by retro-orbital bleeding with 50 l microcaps-EDTA (Drummond Scientific, Broomall, PA) into SAFE-T-FILL blood collection tubes coated with heparin (Ram Scientific, Yonkers, NY). Eyes were dressed with a drop of Triple Antibiotic HC Ointment (Phoenix Pharmaceutical, St. Joseph, MO). Whole blood analysis was carried out on a Hemavet HV850 (Drew Scientific, Waterbury, CT), analyzing 20 l per sample as per the manufacturer's suggested protocol.
GAG quantification. All mice assayed for tissue GAG content were perfused with 15 ml of PBS before the tissues were harvested. GAG was extracted from tissues by homogenization with a Bio-Gen PRO200 (PRO Scientific, Oxford, CT) for 2 min at 4°C in buffer containing 20 mM Tris (pH 8.0), 150 mM NaCl, 0.2% Triton X-100, and 5 mM EDTA. Homogenization was followed by vigorously vortexing the samples for 15 min at 4°C. Insoluble material was pelleted by centrifugation at 12,000 g for 10 min at 4°C, and the supernatant was transferred to a fresh tube. The total protein of tissue homogenates was measured by using the BCA Protein Assay kit (Thermo Fisher Scientific, Rockford, IL). Soluble GAG was measured by combining 50 -300 g tissue homogenate, diluted with PBS to 100 l final volume, with an association reagent containing 32 mg/l 1,9-dimethylmethylene blue chloride (DMMB; Polysciences, Warrington, PA), 0.2 M GuHCl, 5% ethanol, 0.2% formic acid, and 2 g/l sodium formate (Thermo Fisher Scientific). This solution was vigorously shaken for 30 min at room temperature, and the formed GAG-DMMB complex was pelleted by centrifugation at 15,000 g for 15 min. The supernatant was discarded, and the GAG-DMMB pellets were solubilized in 1.0 ml of 50 mM sodium acetate (pH 6.8), 10% 1-propanol, and 4 M GuHCl (Thermo Fisher Scientific) by vigorously shaking for 15 min at room temperature. Reference standards of 1-7 g HS (Sigma-Aldrich, St. Louis, MO) were prepared simultaneously with cell lysates. Absorbency was read at 656 nm (DMMB) and 540 nm (background) using a Synergy 2 plate reader (BioTek, Winooski, VT). All values were normalized to their respective amounts of total protein.
Western blot analysis. For phospho-cardiac troponin I and actin Western blot analysis, the protein samples from MPS-I and heterozygous (IDUA ϩ/Ϫ ) mice were placed in Laemmli sample buffer in the presence of freshly added ␤-mercaptoethanol and heated at 70°C for 10 min. The proteins were separated by 12% NuPAG Novex Bis-Tris precast gels with MES Running buffer (Invitrogen, Carlsbad, CA). Separated proteins were transferred to nitrocellulose membrane and blocked with 5% milk (wt/vol in Tris-buffered saline-Tween-20) for 1 h. The blots were probed with rabbit polyclonal antibodies specific to phospho-troponin (cardiac serine-23/24) (1:1,000 dilution; Cell Signaling Technology, Danvers, MA) or mouse monoclonal anti-␣-sarcomeric actin (clone 5C5 with 1:5,000 dilution). For phosphophospholamban Western blot analysis, the protein samples were mixed with Laemmli sample buffer without 2-mercaptoethanol and without heating (native samples). The proteins were separated by 12% NuPAGE Novex Bis-Tris precast gels with MES Running buffer (Invitrogen). Blocked samples were probed with rabbit polyclonal antibodies specific to phospho-phospholamban (serine 16) (1:1,000 dilution; Upstate Biotechnology, Waltham, MA) or mouse monoclonal anti-␣-sarcomeric actin (clone 5C5 with 1:5,000 dilution). In all cases the binding of primary antibodies was visualized by goat anti-rabbit (IRDye 800 conjugates) (Rockland Immuncohemicals, Gilbertsville, PA) or goat anti-mouse (Alexa fluor 680 conjugates, Invitrogen) secondary antibodies (1:5,000) and scanned with LI-COR Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE).
Quantitative RT-PCR. cDNA was generated from 1 g of individual RNA from MPS-I (IDUA Ϫ/Ϫ ) and IDUA ϩ/Ϫ mice by reverse transcriptase reaction using TaqMan RT reagent kit (Applied Biosystems, Foster City, CA). All RT reactions were performed on the MJ Research PTC-200 thermocycler (Global Medical Instrumentation, Ramsey, MN). Real-time quantitative PCR was performed on cDNAs using the 2ϫ SYBR green universal PCR master mix kit (Applied Biosystems) and run on Realplex master cycler epgradient (Eppendorf, Hauppauge, NY). All quantitative PCR assays were performed in duplicate on all heart samples from wild-type (n ϭ 6), IDUA Ϫ/Ϫ (n ϭ 10), and IDUA ϩ/Ϫ (n ϭ 6) mice and mice with transaortic constriction (positive control for heart failure) (n ϭ 2). Cycling conditions consisted of 1 cycle of 95°C for 10 min and then 40 cycles of 95°C for 15 s, followed by 60°C for 1 min. The representative normalized average expression values from independent experiments are shown for each gene. Values are expressed as means Ϯ SE for each group. Relative quantitation analysis of gene expression was conducted according to the 2 Ϫ⌬⌬CT method. GAPDH was used as an endogenous internal standard for gene expression analysis to determine the abundance of the amplified target gene within the same sample. After gene expression normalization, the values from each experimental group were normalized against wild-type control and are represented as the fold expression over wild-type. Primers were designed using PrimerSelect (DNASTAR Lasergene 7). All primers displayed single melting curve.
The following primers were used for quantitative RT-PCR: mouse atrial natriuretic factor (ANF)-forward, GCAGGGGCCGCACT-TAGCTC; mouse ANF-reverse, CTGCGCCCTAGAGCACTGCC; mouse brain natriuretic peptide (BNP)-forward, AGCTGCTTGGGGAGGC-GAGA; mouse BNP-reverse, GGGCCAGGCAATGATGCCGT; mouse ␣-skeletal actin-forward, ACGAGGCTGGCCCCTCCATT; mouse ␣-skeletal actin-reverse, AGAGAGCGCGAACGCAGACG; mouse ␤-myosin heavy chain (␤-MHC)-forward, CTGAGCAGCTGGGCTCCACG; mouse ␤-MHC-reverse, CTCTAGCTGGGCGCGGAGGA; mouse GAPDHforward, AACCCTGGACCACCCACCCC; and mouse GAPDHreverse, TGTTGGGGGCCGAGTTGGGA.
Statistics. All values are expressed as means Ϯ SE. All singlegroup comparisons were analyzed by Student's t-test. All single variable multigroup comparisons were analyzed by one-way ANOVA with Tukey's post hoc analysis. Survival was analyzed by a Fisher exact test.
RESULTS
Baseline hemodynamic performance. Conductance micromanometry was performed to assess real-time hemodynamic function. At baseline (raw traces: Fig. 1A ), systolic function was significantly lower in MPS-I (IUDA Ϫ/Ϫ ) mice based on measures of LV systolic pressure, stroke work (SW), and the positive derivative of pressure development (Fig. 1B) . MPS-I mice also showed some evidence of diastolic dysfunction based on markedly reduced negative derivatives of pressure development (Fig. 1B) . Derivative parameters provided measures of pressure development over time, indicating ventricular contractility (ϩdP/dt) and relaxation (ϪdP/dt). Significantly reduced LV end-diastolic pressure at baseline was also observed in MPS-I mice (Table 1) . Despite these observations, LV volumes, ejection fraction, and CO were not significantly different from IDUA ϩ/Ϫ mice at baseline (Table 1 ). These observations of reduced cardiac function in resting mice are consistent with previous reports using echocardiography and cardiac catheterization (20, 26) .
Hemodynamic function during catecholaminergic manipulation. To determine cardiac responsiveness to catecholaminergic manipulation, mice were treated with dobutamine followed by esmolol. After steady-state cardiac performance was reached during dobutamine infusion (3 min), functionality was assessed between MPS-I and IDUA ϩ/Ϫ mice (Fig. 2) . Preload recruitable SW (PRSW), a load independent measure of systolic function measured as the slope of the SW and end-diastolic volume relationship, was acquired by IVC occlusion. Together with similar decreases in end-systolic volume (V min ), the PRSW data showed that the intrinsic contractile performance of both MPS-I and IDUA ϩ/Ϫ mice similarly increased during dobutamine infusion (Table 1) . This indicates that, independent of preload and afterload, adrenergic signaling and myocardial catecholaminergic responsiveness was intact in MPS-I animals.
Hemodynamic measures of systolic function during dobutamine infusion (with preload and afterload effects contributing) showed evidence that MPS-I mice had significant contractile deficiencies as indicated by decreases in end-systolic pressure (ESP), the positive pressure derivative (ϩdP/dt), SW, and CO (Fig. 2, A and B) . Furthermore, ventricular relaxation was significantly lower in MPS-I mice compared with IDUA ϩ/Ϫ mice based on the measure of ϪdP/dt (Fig. 2B) . To determine the extent of cardiac reserve available in these mice, hemodynamic values were analyzed based on their delta change from baseline to 3 min of dobutamine infusion (Fig. 2,  C and D) . These data show that IDUA ϩ/Ϫ mice appropriately enhance cardiac performance in response to adrenergic stimulation (Fig. 2, C and D) . In marked contrast, during dobutamine infusion there was no significant difference from baseline values among the MPS-I cohort in measures of heart rate (561.1 Ϯ 10.68 vs. 566.2 Ϯ 45.21 beats/min; baseline vs. dobutamine; P Ͼ 0.05) and stroke volume (18.72 Ϯ 2.232 vs. 18.77 Ϯ 4.006 l/beat; baseline vs. dobutamine; P Ͼ 0.05). As such, when compared with baseline, CO was not increased during dobutamine stimulation in MPS-I mice (Fig. 2, C and  D) . Another key marker of adrenergic responsiveness is the positive derivative of pressure development. This parameter did not significantly increase from baseline values in MPS-I mice during dobutamine infusion (Fig. 2D) . Together, these results indicate that MPS-I mice showed a limited capacity to augment cardiac performance and increase CO beyond baseline levels in response to adrenergic stimulation.
Immediately after dobutamine infusion, esmolol was infused to competitively block adrenergic receptors in the heart. ␤-Blockade reveals the autonomic tone understood here as the intrinsic contractile capacity of the heart in the absence of adrenergic stimulation (Fig. 3) . MPS-I mice experienced significant cardiac decompensation in the absence of adrenergic support. Specifically, measures of systolic performance were markedly decreased in MPS-I mice compared with IDUA ϩ/Ϫ mice (ESP, ϩdP/dt, SW, and CO) (Fig. 3, A and B) . Significantly lower PRSW supports the conclusion of intrinsic myocardial systolic dysfunction in MPS-I mice compared with IDUA ϩ/Ϫ mice (Table 1) . Furthermore, diastolic dysfunction was manifest during esmolol infusion based on increased measures of , a preload independent measure of ventricular isovolumic relaxation, as well as a significantly lower ϪdP/dt in MPS-I mice compared with IDUA ϩ/Ϫ mice (Fig. 3, A and B) .
To determine the sympathetic tone required for normal cardiovascular function, the ⌬ change at 5 min of esmolol infusion compared with baseline was assessed (Fig. 3, C and  D) . These data showed that MPS-I and IDUA ϩ/Ϫ mice are equally affected by ␤-blockade in the absolute change during the time course of infusion (Fig. 3C) . However, when comparing steady-state function during esmolol infusion (5 min) relative to the original baseline, heart function revealed significant cardiac decompensation in MPS-I mice compared with IDUA ϩ/Ϫ mice (Fig. 3D) . Evidence of whole organ pump failure during ␤-blockade was shown by significant decreases (⌬ from baseline) in heart rate, ejection fraction, and CO in MPS-I mice compared with IDUA ϩ/Ϫ mice (Fig. 3D ).
Hemodynamic decompensation in MPS-I mice.
During the time course of this hemodynamic assay, MPS-I mice showed significantly increased susceptibility to mortality than IDUA ϩ/Ϫ mice (P ϭ 0.018) (Fig. 4A ). An analysis of survival during this assessment showed no mortality among IDUA ϩ/Ϫ mice. In contrast, MPS-I mice showed general susceptibility to cardiac decompensation during surgical preparations for pressure-volume analysis, with mortality occurring before data acquisition in two cases. During postmortem analysis, one MPS-I mouse had significant pulmonary venous aneurysm and died before data acquisition. Similar to other cardiomyopathic models (31), MPS-I mice also showed intolerance to adrenergic stimulation, with mortality occurring in two cases during dobutamine infusion. Furthermore, MPS-I mice without adrenergic tone experience pump failure as evidenced by the mortality occurring in two cases during esmolol infusion.
The capacity to predict cardiac decompensation is a critical step toward a proper therapeutic management of heart diseases. Survival data were further analyzed to determine whether any baseline hemodynamic measures only found among the MPS-I cohort could be used to predict heart failure (Fig. 4B) . Measures of contractility such as ESP and ϩdP/dt were not different among all MPS-I mice at baseline (data not shown). In contrast, MPS-I mice that experienced heart failure at any time during this hemodynamic study had reduced CO at baseline compared with MPS-I mice that survived the study (P Ͻ 0.05) (Fig. 4B) . The basis for the observed difference in CO was manifest in a significant reduction in stroke volume (P Ͻ 0.05) as opposed to any difference in heart rate (Fig. 4C) . Although statistical significance was not reached because of low numbers (n ϭ 4 per group), the minimum volume reached during systole was greater in MPS-I mice with heart failure (P ϭ 0.07) (Fig.  4D) . Linear regression analysis was subsequently performed to determine whether LV minimum volume was statistically correlated with time to cardiac pump failure (Fig. 4E) . This comparison showed a significant relationship between baseline LV end-systolic volume and time to death, with high baseline volumes correlating with increased susceptibility to cardiac pump failure (P ϭ 0.011). This suggests a fundamental pathol- , n ϭ 7; MPS-I, n ϭ 8.
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HEMODYNAMIC DYSFUNCTION OF MPS-I ogy in cardiac ejection as opposed to diastolic dysfunction. We acknowledge the limitations associated with a low number of animals in deriving this observation. However, we further note that a statistical significance was reached, revealing the significance of this comparison. Taken together, these data indicate that a decreased CO specifically attributed to an increased LV end-systolic volume significantly predicts the susceptibility to cardiac decompensation and pump failure in unstressed MPS-I mice.
Analysis of protein phosphorylation and heart failure markers. Adrenergic stimulation results in the phosphorylation of protein kinase A target proteins, including phospholamban and cardiac troponin I. The phosphorylation levels of these proteins are an indirect measure of adrenergic tone in hearts (10, 12, 17, 32) mice (Fig. 5 ). Taken together with the hemodynamic results, these data suggest that MPS-I mice have an increased baseline sympathetic tone compared with IDUA ϩ/Ϫ mice. To determine whether heart failure markers were increased in MPS-I hearts as observed with pathologies such as transaortic constriction, quantitative real-time PCR was carried out for transcripts of BNP, ANF, ␣-skeletal actin, and ␤-MHC (supplemental Fig. 1 ; note: supplemental figures may be found posted with the online version of this article). When compared with positive transaortic constriction controls, MPS-I hearts were not different from IDUA ϩ/Ϫ hearts, showing no increase in transcripts for any of these heart failure markers.
Serum analysis showed that hemoglobin and hematocrit were not different between groups [MPS-I vs. IDUA ϩ/Ϫ ; Hb (in g/dl), 14.28 Ϯ 0.75 vs. 15.17 Ϯ 0.67; HCT (in %), 37.72 Ϯ 2.11 vs. 40.03 Ϯ 1.79, P Ͼ 0.05], indicating no polycythemia, anemia, or dehydration that could have confounded the cardiac studies. Consistent with previous studies of MPS-I tissues (4), the measures of GAGs from lung and liver from these mice showed a significant increase in MPS-I mice compared with IDUA ϩ/Ϫ controls (P Ͻ 0.05) (supplemental Fig. 2 ).
DISCUSSION
Cardiovascular pathophysiological deficiencies contribute to the morbidity and mortality of patients with MPS-I. This study provides an assessment of cardiac hemodynamics in MPS-I mice with a specific focus on the catecholaminergic regulation of heart performance. Biochemical and functional data show that MPS-I mice have heightened cardiovascular adrenergic tone at baseline required for the maintenance of adequate heart performance. Under ␤-adrenergic stimulation (dobutamine) and blockade (esmolol), MPS-I mice experienced significant mortality compared with controls. It was further shown by linear regression analysis that cardiac pump failure in MPS-I mice was significantly correlated with heightened baseline end-systolic LV volume.
A key new finding of this study is the marked cardiac decompensation and death during dobutamine and esmolol stress in mice with MPS-I. This observation reveals a fundamental pathology in MPS-I hearts wherein heightened sympathetic drive acts as a compensatory bridge to survival. As such, MPS-I hearts lack cardiac reserve and undergo marked decompensation in the absence of catecholarminergic stimulus. Hemodynamic parameters were assessed to determine whether baseline cardiac function could predict cardiac pump failure in this cohort. These data show that there is a statistically significant correlation between increased end-systolic volume (thus reducing CO) and a heightened susceptibility to cardiac decompensation and pump failure in MPS-I hearts. Thus changes in cardiac geometry independent of changes in ventricular contractile or relaxation capacity (e.g., LV pressures or derivatives) predict cardiac decompensation in MPS-I hearts. This observation correlates with valvular disease, dilation of the LV outflow tract, and aortic insufficiency as a primary etiology for cardiovascular pathologies observed with MPS-I (4, 15, 26) . Specifically, echocardiographic data have shown significant aortic regurgitation, long ejection times, and reductions in maximum blood flow velocity and peak pressure gradient across the aortic valve in murine MPS-I hearts (15) . The development of fatal cardiac dysfunction is indicated by progressively reduced systolic ventricular ejection primarily because of aortic dysfunction involving noncompliant valves and enlarged outflow tract.
The cardiovascular dysfunction caused by MPS-I has long been established, and recent studies have begun to elucidate some of the underlying mechanisms by using various animal models (4, 15, (25) (26) . These studies have shown by histology and electron microscopy that MPS-I myocardium and valves are concentrically enlarged because of infiltration with highly vacuolated interstitial cells (4, 15) . They also consistently report mitral and aortic insufficiency and reduced cardiac function by echocardiography (4, 15, 26) and cardiac catheterization (15) . Despite these cardiomyopathic phenotypes, MPS-I mice containing indwelling radiotelemetry devices show normal blood pressure and heart rates compared with wild-type mice (15) . This is consistent with observations in this study that show appropriate maintenance of CO under baseline conditions. Because of natural compensatory mechanisms invoked during the pathogenesis of acute and chronic heart disease (1, 13, 29, 34) , it was hypothesized that a more precise analysis of cardiac function in the context of catecholaminergic stress might elucidate important information about heart performance in the context of MPS-I.
Catecholaminergic regulation of cardiac performance is one of the critical ways by which heart function is adjusted in response to whole animal physiological demands. In acute and chronic disease states, adrenergic stimulation of the heart has been shown to compensate for cardiovascular deficiencies, allowing for the maintenance of CO under resting conditions (7, 29, 31) . In these contexts, heightened adrenergic tone eventually results in the loss of cardiac reserve, crippling the heart's capacity to respond to stress. With time, chronic adrenergic stimulation results in hemodynamic decompensation and heart failure (7). Manipulation of adrenergic signaling in the heart was used in this study to understand how MPS-I pathology affects catecholaminergic regulation of cardiac performance.
Biochemical assays assessing the protein phosphorylation of cardiac troponin I and phospholamban, as well as hemodynamic data acquired during esmolol infusion, are evidence that MPS-I mice have increased adrenergic tone under baseline conditions. As with other disease states (31), increased sympathetic tone may be required for functional compensation and long-term survival. The need for increased adrenergic tone could either be attributed to intrinsic contractile or extracardiac deficiencies. To address this question, load-independent measures of contractility were acquired by IVC occlusions during hemodynamic analysis. PRSW in MPS-I mice under baseline conditions and during dobutamine stimulation was not different than IDUA heterozygous controls. This suggests that variables independent of intrinsic contractile performance (e.g., myocardium) are, at least in part, responsible for the increased adrenergic tone in MPS-I hearts.
The data presented here indicate that differences in venous return (preload) may be one of the fundamental deficiencies of MPS-I. The observation that PRSW in MPS-I mice remains comparable with IDUA ϩ/Ϫ mice at baseline and during dobutamine infusion indicates that other parameters of systolic and diastolic dysfunction (ESP, dP/dt, SV) may be decreased in MPS-I mice because of reduced cardiac preload. Based on the Frank-Starling principle that correlates load (myocardial stretch) with contractility (tension development), compromised venous return, and, consequently, reduced end-diastolic volume (V max ) and LV pressure would explain, at least in part, the cardiac hemodynamic deficiencies of MPS-I mice.
In addition to a decreased end-diastolic pressure at baseline, evidence for venous pooling was indicated by reduced V max during dobutamine infusion. The maintenance of CO during sympathetic stimulation requires a concomitant increase in preload (not observed in MPS-I mice based on V max measurements), as well as an increase in intrinsic cardiac contractility (observed in MPS-I mice based on appropriate PRSW measurements). Beyond hemodynamic parameters, evidence for reduced venous capacitance was revealed in one MPS-I mouse with a severe pulmonary venous aneurysm. To our knowledge, this study provides the first evidence to suggest a vascular deficiency in Hurler syndrome. To further test the hypothesis that reduced venous capacitance contributes to the hemodynamic pathology of Hurler syndrome, other nonspecific adrenergic agonists such as isoprenaline should be used.
The ability for mammals to modulate heart rate is also a fundamental requirement of the stress pathway needed to maintain CO in response to increased peripheral metabolic demands. In this study, the lack of any change in heart rate in MPS-I mice during dobutamine infusion points to a conduction defect as well. This is consistent with a previous study using in vivo telemetry devices to measure ECG in unanesthetized freely moving animals (15) . In this study, Jordan et al. (15) reported significantly reduced heart rate variability (coefficient of variation %), increased P-wave width, increased QRS-triwave width, and reduced S-wave amplitude in MPS-I mice compared with those of controls. When coupled with findings in the current report, these results strongly suggest a blunting of autonomic tone to the sinoatrial node as seen with parasympathetic blockade. These observations also indicate that con-centric myocardial thickening because of increased interstitial cell infiltration may be causing mechanical-electrical discontinuity in the MPS-I heart. Although their intrinsic ventricular function appears intact, preload deficiencies and conduction defects in MPS-I mice prevent them from responding to increased metabolic demands during adrenergic stimulation.
In conclusion, this study provides the first data, to our knowledge, on the catecholaminergic regulation of heart performance in MPS-I. Cardiac decompensation is inevitable in MPS-I patients, and support of cardiac function by catecholamines is a necessary therapeutic modality. Consequently, these results reveal the need for further investigation into adrenergic regulation of heart performance in animal models and the MPS-I patients. The capacity to predict cardiac pump failure in unstressed hearts provides a major step forward in understanding the therapeutic management of any cardiac pathology. A key observation of this study was that reduced CO attributable to increased LV systolic volume in the unstressed heart significantly predicts pump failure in the MPS-I mouse. It remains to be seen whether reduced ventricular ejection secondary to progressive valvular insufficiency can act as a surrogate marker for heart failure in MPS-I patients. In addition to known pathophysiological indicators of MPS-I in the heart, these data also represent a starting point for further investigation into vascular dysfunction as it pertains to venous tone and cardiac preload. Taken together, this study provides insights into adrenergic dysregulation in MPS-I hearts and supports the conclusion that compensatory maladaptive cardiac remodeling of catecholaminergic signaling contributes to heart failure in MPS-I.
